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An increasing number of novel therapeutic agents are targeted at cannabinoid receptors. Drug development programmes of new
cannabinoid drugs may be facilitated by the identification of useful biomarkers. This systemic literature review aims to assess the
usefulness of direct biomarkers for the effects of cannabis and tetrahydrocannabinol (THC) in healthy volunteers. One hundred and
sixty-five useful articles were found that investigated the acute effects of cannabis or THC on the central nervous system (CNS) and
heart rate in healthy volunteers. Three hundred and eighteen tests (or test variants) were grouped in test clusters and functional
domains, to allow their evaluation as a useful biomarker and to study their dose–response effects. Cannabis/THC affected a wide range
of CNS domains. In addition to heart rate, subjective effects were the most reliable biomarkers, showing significant responses to
cannabis in almost all studies. Some CNS domains showed indications of depression at lower and stimulation at higher doses.
Subjective effects and heart rate are currently the most reliable biomarkers to study the effect of cannabis. Cannabis affects most CNS
domains, but too many different CNS tests are used to quantify the drug–response relationships reliably. Test standardization,
particularly in motor and memory domains, may reveal additional biomarkers.

Introduction

The discovery of cannabinoid receptors and endocannab-
inoids has pointed to the physiological and possibly
pathophysiological relevance of cannabinoids in humans.
So far, two cannabis receptors (CB1 and CB2) have been
identified with certainty. The CB1 receptors are predomi-
nantly situated in the brain and the CB2 receptors are pre-
dominantly present in the spleen and in haematopoietic
cells. CB2 receptors seem also to be widely distributed in
the brain, but their function is still not clear. The discovery
of the endocannabinoid system has stimulated the devel-
opment of synthetic cannabinoids, which have been used
in preclinical research to investigate further the role of the
endocannabinoid system in health and disease. However,
the clinical development of cannabinoids as medicines is
only just beginning. At present, most research in humans
has been performed with tetrahydrocannabinol (THC),
a CB1/CB2 agonist and the main psychoactive ingredient
of cannabis. THC is a highly lipophilic compound that is
rapidly absorbed and distributed to highly vascularized
tissues, including the brain, where it causes its pleasurable
effects. Smoking is the preferred route of cannabis use,
with high bioavailability of the THC content that is not lost
by combustion or vaporization. In humans, plasma THC
concentration profiles are similar after smoking or intra-
venous administration, with prompt onset and steady

decline. In contrast, slow absorption and limited and vari-
able bioavailability are observed after oral administration.

Although a large number of studies have been per-
formed with cannabis and THC in healthy volunteers, it is
not clear which biomarkers are useful in early cannabinoid
drug development, and how cannabis affects different
central nervous system (CNS) functions.The effects of THC/
cannabis can provide important tools during the early
development of cannabinoid agonists and antagonists, if
the effects can be qualified as valid biomarkers. A biomar-
ker is a characteristic that is measured and evaluated as an
indicator of normal biological processes, pathogenic pro-
cesses, or pharmacological responses to a therapeutic
intervention [1]. A validated biomarker in early Phase I
studies that provides useful information on the potential
therapeutic effects of an investigational drug could
support the drug development programme of the new
compound. In general, a useful biomarker for activity of a
drug class should meet the following criteria: (i) a clear,
consistent response across studies (from different research
groups) and drugs from the same class; (ii) a clear response
of the biomarker to therapeutic doses; (iii) a dose
(concentration)–response relationship; and (iv) a plausible
relationship between the biomarker, the pharmacology of
the drug class and/or the pathogenesis of the therapeutic
area. Previously, these criteria have been used to evaluate
the literature for the usefulness of biomarkers for the
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effects in healthy volunteers of antipsychotic drugs [2],
benzodiazepines [3], selective serotonin reuptake inhi-
bitors [4] and 3,4-methylene-dioxy-methamphetamine
(ecstasy) [5]. In the current review, the effects of cannabis
and THC in healthy volunteers were systematically evalu-
ated using the same methodology.

Methods

Structured literature evaluation
A literature search was performed up to 15 November
2007 using MedLine, Web of Science and Embase. The
following keywords were used: marijuana, marihuana,
cannabis, THC, tetrahydrocannabinol and delta(9)-
tetrahydrocannabinol. The searches were limited to
healthy adults and papers in English. The resulting studies
were subject to several selection criteria.

This review aimed to assess the usefulness of direct
CNS biomarkers and heart rate for studies of cannabinoids
in healthy volunteers. Reviews, studies in experimental
animals or patients, and studies of interactions of cannabis
use with personality features, behavioural characteristics,
metabolic variations, other drugs, pain models or environ-
mental factors (including secondary or subgroup analyses)
were excluded from this review.

Studies with <10 subjects were not included. Study par-
ticipants were divided into non-users and users.No distinc-
tion was made according to the levels of previous or
current usage, which ranged from occasional to chronic
frequent use and was rarely documented in detail. Fre-
quent and infrequent users were grouped as users. The
review was restricted to the effects of acute cannabis
exposure. Hence, abstinence effects,‘morning after effects’
(including sleep effects after dosing on the preceding day),
long-term effects in chronic users or effects of repeated
dosing were not incorporated in this review.

The study characteristics and each individual test
result of all articles that complied with the criteria were
put into a database (Microsoft Excel) (Appendix S1).
The following items were recorded: number of
subjects, sex (male; female), age, past cannabis use
(users; non-users; unknown), abstinence period (yes;
no; unknown), blinding (double blind; single blind; open;
unknown), design (crossover; partial crossover; parallel;
unknown), drug name (cannabis, including hashish and
marijuana); THC(/dronabinol)), dose, route of administra-
tion (oral; intrapulmonary; intravenous; unknown), THC
equivalence (<7 mg; 7–18 mg; >18 mg), test name, test
effect, test cluster and functional domain. Most studies
used different tests on different doses of cannabis, which
were all regarded as independent measures of the can-
nabis effect. Thus, the total number of evaluated tests
(cases) was a product of the number of articles, drugs,
doses and tests (including secondary outcomes).

Individual test results
Based on previous reviews, it was anticipated that in most
cases no consistent quantitative results could be recorded
for individual tests, because of the large diversity of
methods, parameters and treatments.Therefore, the ability
of a test to show a statistically significant difference from
placebo or baseline was scored as + (improvement/
increase), = (no significant effect) or – (impairment/
decrease). Subjective assessments with a desirable
effect (e.g. increase of a high scale) were scored as
an improvement/increase, and unwanted effects (e.g.
increase of sedation) as an impairment/decrease.

Different parameters of a single test were always
grouped together if they provided information on the
same cluster. Many single tasks provided different
outcome parameters, which sometimes showed appar-
ently opposite responses. If these opposite responses were
part of the same cluster, two items were scored for the
same test: e.g. one (+) and one (-). More frequently, one of
the parameters that improved was from a different func-
tional cluster than the one that deteriorated. In these cases,
both items were scored separately on different clusters. In
the table an asterisk was added to the item that was con-
sidered a secondary parameter from a test of a different
primary function.

Some studies explicitly reported the use of several dif-
ferent tests in the methods section, without presentation
of the results for any apparent reason. In these cases, it was
assumed that these tests had not shown any significant
effects. In some studies with different drug doses, overall
significances were reported for drug effects, without (post
hoc) quantifications of the statistical significance levels for
each individual dose. In these cases, efforts were made to
estimate the individual dose effects from graphs or tables
provided in the article. If this was impossible, only the
effect of the highest dose was assumed to be significant (in
case of overall statistical significance) and lower doses
were considered nonsignificant.

Grouping of individual test results
Because of apparent lack of standardization between the
studies even for the same tests, a structured procedure was
adopted as described previously [2–5] in order to obtain an
overview. This approach allowed the preservation of indi-
vidual study data in early stages, followed by a progressive
condensation of results into logical test clusters and func-
tional domains. For the subjective assessments, most sub-
jective scales can, for example, be grouped under scores of
feeling high, craving, alertness, general drug effect, etc.
A compendium of neuropsychological tests from Strauss
et al. [6] was primarily consulted to group functional tests
into clusters of related tests or test variants. If necessary,
the compendium of Lezak was consulted [7]. Sometimes,
these compendia did not mention the specific test. In
these cases, the author’s classification was followed or, if
necessary, the test was looked up in other literature and
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classified by consensus. A single, more complicated test
can sometimes measure several aspects (e.g. of memory,
executive function, subjective effects, etc.) and can there-
fore provide information on different clusters. Examples
are Babcock Story Recall Test,Buschke Selective Reminding
Test, Digit Recall Test, Ratings of Narrative Quality.

Tests and clusters were grouped further into domains
that represent higher aggregates of integration of subjec-
tive, neuropsychological, neuroendocrine, neurophysi-
ological or autonomic functions. For each test (cluster), the
compendia and other literature were used to determine
which function was principally assessed by the test. Neu-
ropsychological domains consisted of executive functions,
memory, attention, motor functions, language and percep-
tion. Some tests provided different parameters with infor-
mation on more than one functional domain.The results of
the effects of a single test on different domains were
scored separately, and the secondary effects were marked.

Results from tests that were used only occasionally or
tests used only by a single research group could not be
generalized. Therefore, these were not analysed individu-
ally, but grouped with other comparable tests. This step
started with the grouping of tests that could be regarded
as variants from a basic form (e.g. individual scores that are
also part of more comprehensive tools such as Profiles of
Mood States, Addiction Research Center Inventory (ARCI)
or Bond & Lader Visual Analogue Scales (VAS) [8]). Sub-
scales of such inventories were grouped if they fell in the
same cluster. Within such clusters, all scales showing a sig-
nificant effect were grouped, whereas all scales showing
no effect were grouped separately. In this way, scales
within the same cluster that showed mixed results were
scored equivocally. Comprehensive scoring instruments
like Waskow’s Drug Effect Questionnaire can be subdi-
vided into different subjective clusters (e.g. drug effect,
high effect, etc.), but these subscales were not always
reported separately. In these cases, the results were pre-
sented as part of the overall scale drug effect cluster. In a
few articles, a couple of composite scores of different CNS
functions were presented that could not be grouped
according to the clusters or domains used in this review.
These tests were not included in the analysis.

All subdivisions of the tests and effect scores were ini-
tially performed by two of the authors (E.M. and A.E.I.) and
subsequently checked and discussed by the other authors
(L.Z., A.E.I. and J.M.A.v.G.).

Dose–effect relationships
The chance that a test will detect a difference from placebo
is expected to increase with dose. For each test that was
used �10 times and for all clusters, potential dose–
response relationships were determined. Dose-related
increases or decreases of the average percentages of tests
or clusters were reported without formal statistical analy-
ses. Since the review yielded no immediately quantitative
test effects, dose relationships were represented by the

proportions of statistically significant results for a given
test or cluster. Similarly, since THC doses were not reported
uniformly, cannabis/THC dosages were pooled into ‘lower’,
‘medium’and‘higher’dosages.The‘lower’dose was chosen
to be a dose <7 mg (roughly corresponding to half a
cigarette), the ’medium’ dose lay between 7 and 18 mg
(approximately corresponding to one to one-and-a-half
cigarette), and the ’higher’ doses were all dosages >18 mg
(comparable with one-and-a-half cigarettes or more)
[9–11].

Cigarette smoking was the predominant form of
administration. In many articles the exact THC content of a
cigarette was mentioned. However, some articles men-
tioned the THC contents in percentage without the weight
of the cigarette. In these cases a cigarette weight of 700 mg
was assumed since most cigarettes weigh 500–900 mg. In
other articles the number of puffs taken was documented.
In these instances the dose was calculated as eight puffs
corresponding to one marijuana cigarette [11]. Some
studies provided weight-adjusted doses, without specify-
ing the (average) body weight. In these cases, the 70 kg
adult general population body weight was used to calcu-
late the average administered dose.

To be able to compare the test results obtained for oral
and intravenous administration with the results obtained
for smoking, all doses were normalized to smoking. After
smoking, roughly 50% of the THC contents of a cigarette is
delivered into the smoke [12] and another 50% of the
inhaled smoke is exhaled again [13]. In practice, smoking a
cannabis cigarette of 10 mg causes 50% loss due to
heating, which leaves 5 mg. Next, half the inhaled 5 mg is
exhaled again.Ultimately,2.5 mg or 25% of the 10-mg ciga-
rette is delivered to the systemic circulation. Bioavailability
after oral administration was assumed to be around 10%
[14, 15]. Consequently, 25 mg THC would have to be
ingested to get the same 2.5 mg systemic exposure as after
smoking a 10-mg cigarette.This means that oral doses were
divided by 2.5 to calculate the equivalent intrapulmonary
THC doses.The THC plasma concentrations after smoking a
19-mg marijuana cigarette are equal to intravenous ad-
ministration of 5 mg THC [16]. Therefore, all intravenous
dosages were multiplied by four for dose normalization. In
this way, all routes of administration could be compared.

Results

Study design
The literature search yielded 165 different studies on can-
nabis and THC that met all criteria, published between
1966 and 15 November 2007. The numbers of participants
ranged from 10 to 161, where 115 studies (70%) included
10–20 subjects and six studies included >75 subjects (9%).
Ages ranged from 18 to 59 years, but the vast majority
were young adults aged 18–35 years. In 57% of studies
only healthy men were included, and 2% of studies
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included only women. Thirty-three percent of studies
included men and women, whereas the sex of the subjects
was not mentioned in 8%.

Most studies (80%) included subjects that were familiar
with the effects of cannabis. In contrast, non-users were
included in only 3%. Eleven percent of studies reported
inclusion of both cannabis users and non-users. Previous
cannabis use was not mentioned in 6% of studies. A small
majority of studies (53%) described an abstinence period
or the use of a THC drug screen. Four percent of studies
reported the lack of an abstinence period, whereas 44%
did not mention this topic.

Fifty-seven percent of the reviewed studies had a
double-blinded design; 26% were single-blinded; 7% had
an open design and for 10% the blinding was unknown. In
addition, a small majority of the studies had a crossover
design (60%), 3% had a partial crossover design, 33% had a
parallel design and 4% of studies did not mention the
study design.

Study drug and dosing
Cannabis is also known as marijuana, and dronabinol is an
analogue of THC, the predominant psychoactive compo-
nent of cannabis. Cannabis was used in 63% of studies and
THC in 34%. Intrapulmonary administration was the pre-
ferred route of administration in 71% of studies. Oral
administration of the drug was mentioned in 25% of
studies and intravenous administration was used in only

3%. Three percent of studies did not describe which form
of cannabis was used and 1% did not mention the route of
administration. In these cases it could be inferred from the
doses and the design that cannabis was smoked.

Tests, clusters and domains
In total, 318 different tests were used. Only a minority of
tests were used frequently enough to allow individual
analysis. The majority of tests (196 tests, 61.6%) were used
only once, and only heart rate (0.3%) was used >50 times
(in 92 articles) (Table 1).VAS scale high/stoned was studied
in 30 articles, whereas the subjective effect rating scale
high/stoned/euphoria was assessed in 28 articles (Table 1).
Taken together, the subjective high phenomenon was
measured in >50 (35.2%) articles as well (Table 1).The Digit
Symbol Substitution Test (DSST) or variants such as the
Symbol Digit Substitution Test were the most frequently
used neuropsychological tests (22 times) (Table 1). The
ARCI was used in 18 articles (Table 1).

Although many different tests and test variants were
used to evaluate the effects of cannabis, most actually
measured a limited number of core features. Therefore,
tests were grouped further into clusters and subsequently
in domains. Table 2a–d is a progressive condensation of all
reported tests, from test to cluster to domain, and includes
the overall calculated significant drug effects on each
cluster (impairment/decrease, no change or improvement/
increase).

Table 1
Frequency of tests used more than 10 times

Test name Frequency

Heart rate 92
VAS (scales high/stoned) 30

Subjective Effect Rating Scale (scales high/stoned/euphoria) 28
Digit Symbol Substitution Test 22

Addiction Research Center Inventory (scale drug effect) 18
POMS (scales anger/friendliness/hostility) 18

POMS (scales confusion/clear headedness/energy/confused-bewildered/vigour/stimulation) 18
VAS (scales sedation/stimulation-alertness/attentiveness/interest/clear headed/confused/energetic/ sluggish/sleepiness/drowsy/concentration/

forgetful)
18

POMS (scales anxiety-tension/tension/arousal) 17
Subjective Effect Rating Scale (scales intoxication/drunk/drug effect/placebo-THC/feel marijuana effect) 16

POMS (scales anxiety-tension/anxiety) 15
POMS (scales composure/depression/depression-dejection/elation/(positive)mood) 15

POMS (scale fatigue) 14
Potency Rating Scale 14

VAS [scales (good/bad) drug effect/feel drug/intoxication/drunk/comparison to usual smoke] 14
Time Estimation Task 13

VAS (scale anxiety/anxious/panic) 13
Pleasantness Rating Scale 12

VAS (scales content/down/mood/withdrawn/sociability feelings) 11
VAS (scales feelings of tranquillity/calm/relaxed/mellow/arousal) 11

VAS (scales hungry/hunger) 11

POMS, Profiles of Mood States; VAS, visual analogue scale.
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Table 2
Progressive condensation of all reported tests, into their corresponding clusters and domains; the overall cluster effects are reported together with the

articles in which they are reported

Domain cluster Tests
Effects (%)

Reference (frequency; n)– = +
(a) (Neuro)Endocrine
Cortisol Cortisol 0 0 100 [20] (n = 1)
Prolactin Prolactin 0 100 0 [20] (n = 1)
Autonomic
Heart rate Heart rate 1 7 92 [17, 21–111] (n = 92)
Pupil size Pupil size 24 59 18 [21, 22, 29, 44, 68, 112, 113]

(n = 7)
Temperature Temperature 12 88 0 [21, 68, 101, 105] (n = 4)
Neurophysiological
EEG EEG 29 43 29 [17, 43, 114] (n = 3)
EEG alpha EEG alpha 17 22 61 [17, 22, 84, 85, 88, 93, 115–117]

(n = 9)
EEG beta EEG beta 59 35 6 [17, 22, 84, 88, 93, 115, 117]

(n = 7)
EEG delta EEG delta 0 100 0 [17, 22, 84, 115, 117] (n = 5)
EEG theta EEG theta 6 88 6 [17, 22, 84, 93, 115, 117] (n = 6)
Evoked potential Auditory evoked potentials, contingent negative variation (CNV), evoked

potentials, visually evoked potentials
20 45 35 [22, 43, 93, 115, 118–122]

(n = 9)
Eye movements – nystagmus Electronystagmography recordings, electro-oculographic recordings 0 100 0 [69, 123] (n = 2)
Eye movements – pursuit Electro-oculographic recordings, Eye Performance System (EPS-100),

eye-point of regard system, tracking a pendulum
38 63 0 [21, 69, 123, 124] (n = 4)

Eye movements – saccadic Electro-oculographic recordings, eye-point of regard system, saccadic eye
movement

0 80 20 [123–126] (n = 4)

(b) Memory
Auditory/verbal memory:

delayed recall
Babcock Story Recall Test, Buschke Selective Reminding Test, colour-number

matching task, digit recall task, free recall of story test, Hopkins Verbal
Learning Test, memory assessment of POMS scores, orienting word task,
prose recall task, Randt Memory Battery, recognition task, semantic
memory retrieval task, text learning task, verbal recognition & recall task,
word list, word recall task

53 47 0 [20, 23, 51–53, 55, 64, 66, 91,
94, 107, 127–136] (n = 21)

Auditory/verbal memory:
delayed recognition

Cued recall of story test, delayed story recognition task, Hopkins Verbal
Learning Test, name and address recognition task, verbal recognition &
recall task, word list, word recognition task

27 73 0 [20, 23, 52, 53, 55, 56, 94, 107,
131, 135] (n = 10)

Auditory/verbal memory:
immediate recall

Babcock Story Recall Test, Benton Sentence Repetition Task, Buschke
Selective Reminding Test, colour-number matching task, digit recall task,
free recall of story test, free recall test, Hopkins Verbal Learning Test, list
learning task, orienting word task, prose recall task, Randt Memory
Battery, seashore tonal memory task, syllable list learning task, text
learning task, word anagram solution task, word list, word recall task

60 40 0 [20, 23, 25, 30, 32, 50–53, 55,
57, 64, 66, 91, 107, 127–130,
132, 135–140] (n = 26)

Implicit memory Common facts recall task, detailed recall task, perceptual priming task,
remote memory task, word list

0 100 0 [64, 128, 131, 141] (n = 4)

Learning Artificial conditioned speech connections, word presentation memory task,
driving task*, Hopkins Verbal Learning Test*, intelligence structure test,
memory for designs test*, method of artificial conditioned speech
connections, paired associate learning task, Randt Memory Battery,
repeated acquisition task, tactual performance test, word list*

38 62 0 [20, 25, 28, 45, 54, 66, 75, 91,
93, 129, 132, 138, 139,
142–144] (n = 16)

Visual/spatial memory:
delayed recognition

Benton Visual Retention Test 0 100 0 [28] (n = 1)

Visual/spatial memory:
immediate recall

Memory for designs test, Peterson Visual Memory Test, picture recall test 100 0 0 [32, 54, 138] (n = 3)

Executive
Driving Driving task, flight simulator task 62 38 0 [24, 45, 79, 97, 145–149] (n = 9)
inhibition Central and peripheral light flashes task*, word presentation memory task*,

decision making task, delay discounting task, digit recall test with signal
detection task*, divided attention task (DAT)*, go/no-go task, Hopkins
Verbal Learning Test*, memory for designs test*, monetary stimulation
task, Randt Memory Battery*, ratings of narrative quality, stop task,
Stroop Colour and Word Test, temporally controlled operant task,
thematic apperception test (TAT), verbal fluency task*, word list learning*,
word recall task*

52 48 0 [20, 23, 25, 30, 34, 41, 52–54,
66, 85, 86, 93, 107, 137, 140,
150–154] (n = 21)

Judgement Flexibility and closure test, Iowa Gambling Task, scores of willingness to drive 25 75 0 [105, 110, 146] (n = 3)
Planning Goal-directed serial alternation task, thematic apperception test (TAT) 86 14 0 [153, 155] (n = 2)
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Table 2
Continued

Domain cluster Tests
Effects (%)

Reference (frequency; n)– = +
Reasoning/association Alternate use task, analogy task, association IV, associative processing test,

Baddeley reasoning task, categorization task, concept formation task,
contingent categorization task, free and constrained associations test,
Halstead Category Test, hidden word test, Iowa Test of Educational
Development*, letter series test, logical reasoning task, numerical reasoning
task, object description test*, object-match task, picture arrangement test,
production and recall of free associations test, ratings of narrative quality,
thematic apperception test (TAT), water-jar test, word grouping test

37 63 0 [21, 30, 33, 85, 128–131, 134,
135, 138, 151–154, 156–160]
(n = 20)

Set shifting Delayed auditory feedback device (DAF), object-match task*, trail making test
B-A*

20 80 0 [37, 100, 131, 137, 161] (n = 5)

Time estimation Time estimation task 18 33 48 [23, 29, 30, 42, 50, 64, 82, 83,
88, 102, 152, 155, 162]
(n = 13)

Working memory Alphabet task, boggle word construction test, word presentation memory
task, conceptual clustering memory test, cued recall of story test, delayed
auditory feedback device (DAF), digit recall task, digit span (backward),
matching to sample task, mental calculation task, picture recognition test,
rapid information processing task, running memory span, serial
addition/subtraction task, spatial N-Back task, Sternberg Memory Scanning
Task, story recognition task, word anagram solution task, word list*, visual
continuous word recognition task

40 60 0 [12, 20, 21, 23, 26, 30, 33, 37,
52, 55, 58, 66, 70, 85, 93,
100, 107, 116, 121, 127, 128,
131, 138, 139, 155, 157,
161–163] (n = 30)

Motor
Motor control Card sorting task, choice reaction time task*, driving task*, finger tapping

test, finger tremor test, foot tapping test, Klove Grooved Steadiness Task,
Klove Static Steadiness Task, manual dexterity test, Minnesota Rate of
Manipulation – block turning, pegboard test, tapping task, toe tapping test

36 64 0 [50, 97, 130, 138, 149, 158,
159, 161, 164, 165] (n = 12)

Postural stability Body sway, equitest, finger tapping test*, foot tapping test*, Klove Grooved
Steadiness Task, Klove Static Steadiness Task, standing steadiness task,
wobble board

54 46 0 [24, 26, 30, 31, 70, 97, 100,
103, 158, 159, 161] (n = 12)

Visuo-motor control Bender-Gestalt Test, circular lights task, driving task*, efficiency test system,
Gibson spiral maze, groove pegboard task, hand maze task, hand
steadiness task, horizontal groove task, Klove Maze Coordination Task,
one-hole test, pursuit meter/motor/rotor task, rod and frame deviation task,
spiral rotor task, star tracing task, tracking task, trail making test A, vertical
groove task, Vienna Determination Apparatus (VDA)

55 45 0 [21, 26, 28, 29, 31, 37, 40, 88,
94, 100, 103, 116, 128, 130,
137, 138, 149, 152, 158, 159,
161, 162, 164–167] (n = 25)

(c) Attention
Divided attention Choice reaction time task*, dichotic listening task, digit recall test with signal

detection task, distraction task, divided attention task (DAT), Landolt
C-Rings Test, matching to sample task*, trail making test B

37 59 4 [30, 33, 36, 41, 58, 70, 91, 111,
124, 130–132, 137, 161]
(n = 14)

DSST-like Barrage de Signe, digit symbol substitution test (DSST), digit symbol
substitution with memory test

42 58 0 [12, 23, 29, 30, 31, 38, 46, 50,
58, 70–73, 83, 88, 91, 109,
126, 131, 132, 139, 152, 162]
(n = 23)

Flicker discrimination Critical flicker fusion test, critical stimulus duration task 33 56 11 [89, 97, 129, 130, 168, 169]
(n = 6)

Focused/selective attention 3 ¥ 3 block matrix task, Arbeit und Konzentrationstest Geräte, arithmetic
task, auditory reaction time task*, continuous performance task*, D2
attention test, digit span (forward), digit recall test with signal detection
task, double target digit cancellation task, number facility test, paced
auditory serial addition test, P-deletion test, single target digit cancellation
task, Stroop Colour and Word Test*

35 65 0 [20, 23, 26, 41, 58, 66, 70, 85,
105, 111, 126, 128, 131, 136,
137, 159, 162] (n = 17)

Reaction time Alerting task, auditory reaction time task, central and peripheral light flashes
task, choice reaction time task, complex reaction time task, contingent
categorization task*, contingent negative variation (CNV)*, dichotic
listening task*, discrimination reaction time task, driving task*, Iowa
Gambling Task*, letter matching task, matching to sample task*,
perceptual speed task, peripheral visual detection task*, rapid information
processing task, reaction time task, simple auditory reaction time task,
simple reaction time task, simple visual reaction time task, spatial N-back
task*, Stroop Color and Word Test*, visual reaction time task, word
recognition task*

48 51 1 [12, 26, 31, 33, 34, 40, 66, 84,
85, 91, 93, 94, 97, 103, 110,
111, 118, 121, 126, 128–132,
139, 145, 158, 159, 161,
170–172] (n = 32)

Sustained attention (vigilance) Continuous performance task, Mackworth Clock-Vigilance Task, pursuit
meter/motor/rotor task*, visual search task

14 86 0 [12, 20, 29, 31, 35, 83, 124,
161] (n = 8)
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Table 2
Continued

Domain cluster Tests
Effects (%)

Reference (frequency; n)– = +
Language
Comprehension Text learning task* 100 0 0 [129] (n = 1)
Production Cloze Method, controlled oral word association test (COWAT), object

description test, spontaneous speech, thematic apperception test (TAT),
verbal fluency task, word recall task*

23 69 8 [20, 39, 66, 128, 140, 151, 153,
160] (n = 8)

Semantics Iowa Test of Educational Development*, orienting word task* 0 100 0 [51, 129] (n = 2)
Perception
Auditory perception Auditory rhythm test, auditory threshold test 17 83 0 [130, 173] (n = 2)
Tactile perception Tactual performance test, vibratory sense appreciation test 33 50 17 [116, 130, 138] (n = 3)
Visual/spatial perception Archimedian spiral after effect, binocular depth inversion test, block design

test, clock faces task, closure speed test, dot tests, driving task*, glare
recovery task, group embedded figures test, hidden figures task,
mannequin task, peripheral visual detection task, size-weight illusion test,
visual acuity task, visual autokinetic motion task, visual brightness test,
visual information processing task, visual recognition task

27 73 0 [21, 27, 40, 54, 97, 113, 130,
131, 135, 152, 157, 165,
172–176] (n = 17)

(d) Subjective experience
Scale aggression Brief psychiatric rating scale (scale hostility), Clyde Mood Scale (Scales

Friendly/Aggressive), Gottschalk-Gleser Content Analysis (Scales Social
Alienation/Hostility), Jackson Personality Research Form (Scale Autonomy),
Jackson Personality Research Form (Scale Dominance), POMS (scales
anger/friendliness/hostility), primary affect scale (PAS) (scale anger), ratings
of narrative quality, thematic apperception test (TAT), VAS (scales
friendly/social)

27 68 5 [23, 30, 38, 49, 50, 60–63, 67,
71, 91, 96–98, 105, 108, 133,
139, 151, 153, 154, 158, 165,
175, 177] (n = 26)

Scale alertness Addiction Research Center Inventory (ARCI) (scale stimulated), brief
psychiatric rating scale (scale activation), Clyde Mood Scale (scales
sleepy/clear thinking), comprehensive psychiatric rating scale (AMDP)
(scale alertness), drug effect questionnaire (DEQ) (scales sluggish/ stuffy
feeling/thinking clearer/concentration), feeling scale of Janke (composite
scale vital), medical questionnaire (scale impaired concentration), observer
rated signs, POMS scales confusion/clear headedness/energy/confused-
bewildered/vigour/stimulation, scale stimulated, subjective effect rating
scale (scales concentration impairment/interest), VAS scales
sedation/stimulation alertness/attentiveness/interest/clear headed/confused/
energetic/sluggish/ sleepiness/drowsy/concentration/forgetful

39 50 11 [21, 23, 24, 28, 30, 37, 38, 40,
46, 49, 50, 58, 60–63, 67,
70–73, 96, 97, 105, 108, 126,
128, 130–133, 139, 146, 149,
150, 158, 175, 178] (n = 38)

Scale anxiety Ditman’s DWM Scale (6–8), drug effect questionnaire (DEQ) (scale anxiety),
Gottschalk-Gleser Content Analysis Scales (scale anxiety), POMS scales
anxiety-tension/anxiety, primary affect scale (PAS) (scale fear), state trait
anxiety inventory, Taylor Manifest Anxiety Scale (MAS), thematic
apperception test (TAT), VAS (scale anxiety/anxious/panic)

29 67 5 [20, 23, 24, 30, 33, 38, 49, 50,
58–62, 70–73, 96, 97, 101,
108, 133, 139, 151, 153, 158,
165, 179, 180] (n = 29)

Scale calmness Ditman’s DWM Scale (1–20), drug effect questionnaire (DEQ) (scales
relaxation/tension/excited), feeling relaxed, feeling scale of Janke (scale
passive), POMS (scales anxiety-tension/tension/arousal), primary affect
scale (PAS) (scale arousal), VAS (scales feelings of
tranquillity/calm/relaxed/mellow/arousal)

23 53 24 [20, 23, 24, 30, 33, 38, 49, 50,
58–60, 63, 67, 71, 78, 91,
96–98, 106, 108, 128,
130–133, 146, 149, 150, 158,
165, 178, 179] (n = 33)

Scale craving Drug effect questionnaire (DEQ) (scales like drug/want more/take drug
again), end-of-session questionnaire (scales dislike/like a lot), pleasantness
rating scale (scale craving), subjective effect rating scale (scales feel like
smoking/like drug effect/want more/price willing to pay), VAS (scales like
drug/like effect/desire)

50 18 32 [17, 21, 23, 25, 30, 32, 38, 49,
52–57, 70–73, 78, 91, 107,
128, 132] (n = 23)

Scale dizziness Clyde Mood Scale (scale dizzy), Ditman’s DWM Scale (1–20), drug effect
questionnaire (DEQ) (scale dizzy), medical questionnaire (scales disturbed
equilibrium/faintness), subjective effect rating scale (scale dizziness)

58 42 0 [105, 128, 130, 149] (n = 4)

Scale drug effect Addiction Research Center Inventory (ARCI) (scale drug effect), Ditman’s
DWM scale (6–8), drug effect questionnaire (DEQ) (scales
good/bad/strong/feel effect), end-of-session questionnaire (scales
like/feel/strength), estimation of received drug, feeling of intoxication,
numeric scale cannabis, observer rated signs, potency rating scale,
psychological subjective effect ratings (scale drug effect), scale
intoxication, subjective effect rating scale (scales intoxication/drunk/drug
effect/placebo-THC/feel marijuana effect), subjective psychological effects
ratings, VAS (scales drug effect/feel drug/intoxication/drunk/good drug
effect/bad drug effect/comparison to usual smoke)

7 26 67 [21, 23–26, 29–33, 37–41, 44,
46, 49–57, 63, 65–67, 70–73,
79, 81, 82, 88, 91, 93–102,
107–110, 128, 130–132, 139,
145, 146, 150, 152, 161, 165,
167, 178, 179] (n = 67)

Biomarkers for the effects of cannabis and THC
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Table 2a–d shows that most drug-sensitive clusters
demonstrate consistent functional impairment, and some
an enhancement (heart rate,scale high).A few clusters show
both impairments and improvements (e.g. time estima-

tion, EEG alpha and evoked potential measurements, and
scales for calmness, craving, mood and performance). Only
a few frequently-used (>10 times) test clusters showed
significant responses to THC/cannabis in >80% of studies,

Table 2
Continued

Domain cluster Tests
Effects (%)

Reference (frequency; n)– = +
Scale fatigue Drug effect questionnaire (DEQ) (scale fatigue), Karolonsika Sleepiness

Rating (scale tiredness), POMS (scale fatigue), VAS (scale tired)
33 67 0 [20, 23, 30, 38, 49, 50, 62, 63,

67, 71, 93, 96, 97, 106, 130,
133, 139, 158] (n = 18)

Scale high Addiction Research Center Inventory (ARCI) (scale high), drug effect
questionnaire (DEQ) (scales high/euphoria), feeling high, subjective effect
rating scale (scales high/stoned/euphoria), VAS (scales high/stoned)

0 4 96 [17, 20, 21, 23, 24, 27, 30, 33,
38–40, 42, 44, 47–50, 58–61,
64, 65, 70–74, 76–79, 83–89,
91–93, 96, 97, 104, 106, 110,
111, 116–119, 125, 128,
130–132, 134, 135, 139, 144,
146, 154, 156, 157, 161, 173,
178, 181, 182] (n = 70)

Scale mood Brief psychiatric rating scale (scales anergia-depression/anergia), Clyde Mood
Scale (scale unhappy), comprehensive psychiatric rating scale (AMDP)
(scales sexual desire/euphoria), Ditman’s DWM Scale (1–20), Ditman’s
DWM Scale (6–8), drug effect questionnaire (DEQ) (scales
well-being/dysphoria/feel free/feel serious), Jackson Personality Research
Form (scale exhibitionism), observer rated signs, pleasantness rating scale
(scale mood), POMS (scales composure/depression/depression-dejection/
elation/mood/positive mood), positive and negative symptom scale
(PANSS) (scale mood), primary affect scale (PAS) (scale depression), primary
affect scale (PAS) (scale happiness), scale depression, subjective effect
rating scale (scales enjoyability/pleasantness), thematic apperception test
(TAT), VAS (scales content/down/mood/withdrawn/sociability feelings)

23 61 17 [20, 23, 28, 30, 37, 38, 40, 46,
49–51, 62, 63, 67, 70, 71, 83,
84, 88, 91, 96, 97, 105, 114,
126, 128, 130–133, 139, 146,
149, 150, 153, 158, 165, 175,
177] (n = 39)

Scale performance Drug effect questionnaire (DEQ) (scales psychomotor
activity/control/control/accelerated-improved cognition), instructor’s
performance rating, mental status examination (scale intellectual
efficiency), subjective effect rating scale (scales difficulty/driving
ability/impaired/motivation/memory impairment/performance), subjective
effect rating scale (scales difficulty/driving
ability/impaired/motivation/memory impairment/performance), subjective
performance rating, subjective performance rating, VAS (scale impaired)

65 24 12 [21, 24, 40, 58, 70, 79, 93, 97,
116, 128, 130, 145, 146, 161]
(n = 14)

Scale psychotomimetic Brief psychiatric rating scale (scale thought disorder), clinician administered
dissociative symptoms scale (CADSS) (scale perceptual alternations),
comprehensive psychiatric rating scale (AMDP) (scale thought disorder),
depersonalization inventory, Ditman’s DWM scale (1–20), Ditman’s DWM
scale (6–8), drug effect questionnaire (DEQ) (scales weird/silly/increased
sensitivity/perceptual and sensorysharpness/timesense/dreamlike/
giddy/floating/unreal perception/detachment/ enhanced awareness/slow
speech/fast thoughts), mental status examination (scales
illusions/hallucinations/paranoid/delusional), positive and negative
symptom scale (PANSS) (scale psychotomimetic), ratings of narrative
quality, temporal disintegration inventory, vividness of imageries

80 20 0 [20, 28, 33, 46, 59, 60, 61, 88,
101, 108, 114, 116, 130, 144,
149, 151, 175, 179] (n = 18)

Scale satiety Drug effect questionnaire (DEQ) (scale hunger), feeling hungry, food intake,
VAS (scales hungry/hunger)

52 48 0 [30, 38, 46, 49, 50, 70–73, 80,
127, 131, 132, 139] (n = 14)

Scale sensory Comprehensive psychiatric rating scale (AMDP) (scale disturbance of sensory
perception), medical questionnaire (scales heat evaluations/cold sensation),
scale taste/harshness/draw, subjective effect rating scale (scale enhanced
sensations), VAS (scale loud noise)

9 64 27 [24, 28, 93, 97, 131, 149] (n = 6)

Scale sleep Sleep questionnaire 0 100 0 [49] (n = 1)
Scale symptoms Comprehensive psychiatric rating scale (AMDP) (scales headache/ nausea),

Cornell Medical Index (CMI), Ditman’s DWM scale (1–20), drug effect
questionnaire (DEQ) (scales sick feeling/symptoms/heart pounding/dry
throat), medical questionnaire (scales tremor/headache/ dysphagia),
observer rated signs, somatic sensation scale, subjective effect rating scale
(scales heart pounding/dry mouth), VAS (scale nauseous/symptoms)

52 46 2 [28, 33, 37, 46, 59, 60, 70, 71,
80, 85, 87, 91, 100, 108, 128,
130–132, 149, 161, 179]
(n = 21)

+, improvement/increase; =, no significant effect; –, impairment/decrease. *The item was a secondary parameter from a test of another primary cluster.
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notably heart rate (n = 85/92), scale high (n = 67/70) and
scale psychotomimetic (n = 14/18). Most other clusters
reported significant drug effects in only about 30–50% of
studies (Table 2a–d). All tests that were used five times or
more showed a significant THC effect in at least one case,
except for EEG delta, which never responded in any study.

Dose–response relationships
Tests and clusters that were used in >10 articles were
inspected for potential dose–response relationships
(Table 3). Heart rate showed a statistically significant
increase in 78% of measurements in the THC equivalence
dose group <7 mg, which increased to 99 and 98% after
the use of 7–18 and >18 mg THC, respectively. The subjec-
tive high feeling included many different scoring methods,
varying from observer rating scales to individual VAS
scores, either in isolation or as part of multidimensional
inventories (Table 2d). Despite this variability, the cluster
scale high showed very consistent effects for all dose
groups. The lowest dose group of <7 mg THC already
showed a response of 94%, and the middle (7–18 mg) and

highest dose group (>18 mg) scored close to 100%. The
related subjective cluster scale psychotomimetic also
showed consistent deterioration (i.e. an increase in psy-
chotomimetic scores) with THC/cannabis of 76–83%
without a clear dose–response relationship. A small
increase with dose (from 56 to 78%) was observed for the
cluster scale drug effect.

The relationship between memory and doses of THC/
cannabis was more complex. Impairment increased with
dose for auditory/verbal delayed recall (from 23% with the
lowest doses to 78% with the highest dose range), but the
effects were less clear for immediate recall (Table 3).
Auditory/verbal delayed recognition also deteriorated
with dose (from 17 to 50%),but this was assessed in only 11
studies. Working memory impairment, on the other hand,
seemed to decrease with dose, from 52% impairments in
the lowest dose group to 9% in the highest (Table 3). Other
clusters that also appeared to show an inverse dose–
response association were the DSST-like cluster, focused
selective attention and tests of motor and visuomotor
control (Table 3). The proportion of significant effects
of THC/cannabis within the cluster scale aggression
increased slightly with dose (from 20 to 40%). No clear
dose–response relationships were observed for inhibition,
reasoning/association or reaction time, or for most subjec-
tive scales (Table 3). For studies with different doses, we
scored significance for the highest dose only, if significance
was merely reported for the overall group effect, without
allowing an estimate of the individual dose effects from
graphs or tables. Although in such cases we could have
artificially induced a dose–response relationship, this was
observed in only 3% of all test scores.

Discussion

This review aimed to evaluate systematically the useful-
ness of tests for the effects of cannabis and THC in healthy
volunteers. It should be noted that cannabis cigarettes
contain a mixture of psychoactive compounds, which in
combination may contribute differently to the psychologi-
cal and physical effects of cannabis compared with single
THC administration. However, since THC is the main psy-
choactive ingredient of cannabis, in this review studies
with cannabis and THC were used. The results were com-
parable to those of similar reviews of biomarkers of differ-
ent CNS-active drugs in healthy volunteers [2–5]. A striking
number of 318 different tests or test variants were
described, of which 61.6% were used only once. Grouping
of tests in clusters and domains was required to evaluate
the general usefulness of functional measurements, but
this inevitably led to a loss of information. Even clustering
tests with the same name and/or description could have
bypassed differences among research groups or tests vari-
ants. In addition, this review investigated biomarkers for
the effects of cannabis and THC in healthy volunteers, i.e.

Table 3
Dose–response relationship of clusters studied in more than 10 articles;
results are given in % per THC dose group for each cluster and listed with

their functional domain (grey)

Domain cluster
<7 mg 7–18 mg >18 mg
– = + – = + – = +

Autonomic
Heart rate 0 22 78 0 1 99 2 0 98

Motor
Motor control 71 29 0 50 50 0 27 73 0
Visuomotor control 68 32 0 64 36 0 19 81 0
Memory
Auditory/verbal memory

delayed recall
23 77 0 63 38 0 78 22 0

Auditory/verbal immediate
recall

50 50 0 75 25 0 45 55 0

Attention
DSST-like 31 69 0 50 50 0 47 53 0
Focused selective attention 57 43 0 33 67 0 14 86 0
Reaction time 46 54 0 52 45 3 47 53 0
Executive
Inhibition 50 50 0 52 48 0 57 43 0
Working memory 52 48 0 42 58 0 9 91 0
Reasoning/association 33 67 0 37 63 0 43 57 0

Subjective experiences
Scale aggression 20 80 0 24 71 5 40 50 10
Scale alertness 43 50 7 43 50 7 35 51 14
Scale anxiety 11 83 6 35 62 4 33 63 4
Scale calmness 10 60 30 31 50 19 26 48 26
Scale craving 53 22 25 61 11 28 20 20 60
Scale drug effect 12 32 56 4 18 78 3 21 76
Scale high 0 6 94 0 0 100 0 5 95
Scale mood 29 61 10 17 66 17 19 59 22
Scale psychotomimetic 83 17 0 81 19 0 76 24 0
Scale symptoms 64 36 0 58 37 5 41 59 0

DSST, digit symbol substitution test.

Biomarkers for the effects of cannabis and THC
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often with relatively small subject numbers; 70% of the
studies had �20 participants. It is possible that some tests
will be useful biomarkers in patient studies or studies with
large numbers of subjects, or if their value is demonstrated
in more studies.The observed variability in test results may
have been enhanced by differences in prior cannabis use
(non-users, occasional and frequent users). In this review
these differences were not taken into consideration,
although most participants were occasional cannabis
users and only 3% had not used cannabis before. Chronic
and occasional cannabis users show similar drug effects,
although chronic users generally require higher doses and
thus seem to be less sensitive [17]. A small majority of
articles mentioned an abstinence period, but it is likely that
this was also included in many other studies,without being
reported. The neglect of prior use intensity or abstinence
duration may have confounded the detection of dose–
response relationships, which was only roughly possible in
any case because of the many different doses and admin-
istration forms.

Useful cannabinoid biomarkers
The effects of cannabis were observed on all clusters and
all domains and in almost all individual tests, which might
be due to the wide distribution of cannabinoid receptors
in the brain [18]. An increase in heart rate was the most
consistent result (Tables 1 and 2a), and almost all studies
with heart rate measurements showed statistically signifi-
cant effects. This was expected, since heart rate shows a
sharp increase and rapid decline after intrapulmonary THC
administration that is clearly concentration related and
already considerable at low THC levels [9, 19]. Feeling high
has previously also been shown to be closely related to
THC plasma concentrations [19]. The high phenomenon
was measured in many different ways, but despite this vari-
ability almost all studies showed statistically significant
subjective drug effects. The predicted and highly con-
sistent effects of THC/cannabis on the most clearly
concentration-related effects (heart rate and feeling high
[9, 19]) in this review also support the methodological
approach that was adopted, to integrate the widely vari-
able study designs, drug forms and doses, and tests
reported in the literature. Feeling high seems to be the
most sensitive CNS biomarker for the effects of cannabis,
irrespective of how it is measured. The scales psychotomi-
metic and drug effect are not quite as sensitive, but they
address subjective changes that are less specific for THC/
cannabis. This is clearly illustrated by the only negative
scores on the drug effect cluster, which are all due to the
reductions on the benzedrine scale (BG scale) of the ARCI,
which is considered as a measure of subjective stimulation.
Most other clusters show low to medium sensitivity for the
effects of THC/cannabis, with significant drug effects in
roughly 30–60% of cases (Table 2a–d). These findings are
similar to other drug classes, which show very comparable
sensitivities of neurophysiological, neuropsychological

and subjective tests of 30–60% with benzodiazepines [3]
and neuroleptics [2]. In these reviews, saccadic peak veloc-
ity was highly sensitive to benzodiazepines in 100% [3],
and prolactin release to neuroleptics in 96% [2]. These
parameters were not particularly responsive to THC/
cannabis in the current review, where heart rate and sub-
jective high feeling scored 92–96%. This illustrates the
differential effect profiles of different pharmacological
groups, even among drug classes that are generally con-
sidered to be ‘CNS depressant’. Such variability should be
considered when methods are selected to study the CNS
effects of neuropsychiatric agents. Furthermore, tests that
showed a medium chance on an effect (approximately
60%) should also be critically considered.

Dose–response relationships
A useful biomarker should show a dose–response relation-
ship starting at a low therapeutic dose. Consideration of
dose–response relationships is also essential to compare
the effects of THC (at different doses and administration
routes) across studies. In this review, doses could be
grouped only roughly, and effects could be scored only as
either statistically significant or not. Moreover, hardly any
test was measured frequently and quantified consistently
enough for a meaningful analysis of dose–response asso-
ciations. Perhaps due to these limitations, dose–response
relationships were found for only a few clusters (Table 3).
THC doses were categorized in a low (<7 mg, half a can-
nabis cigarette), medium (7–18 mg, one to one-and-a-half
cigarette) and high (>18 mg, one-and-a-half cigarettes or
more) dose.This pragmatic division was not based on well-
established relations between doses, plasma concentra-
tions and CNS effects. Nonetheless, it led to roughly similar
numbers of tests at the three different dose levels (623–
852 in each dose group), and thus reflects practical dose
selection in the literature. However, this practice could be
based on the habit of subjects to smoke enough cannabis
to elicit a desirable subjective state that does not cause
unpleasant effects. It is not illogical to assume that this is
reflected in the dose of one cigarette, and that a ‘standard
dose’ is near the maximum tolerated dose for most sub-
jects (still pleasant and devoid of intolerable adverse
effects). In this review, lower doses (<7 mg) were used in
only about 30% of cases, and even this dose range caused
subjective high feeling in 94% of cases. In a recent
pharmacokinetic–pharmacodynamic (PK–PD) study, heart
rate, VAS high and alertness, and postural stability were
already sensitive to levels as low as 2 mg of THC admin-
istration by inhalation, and PK–PD effect relationships
showed that near-maximum effects are reached with THC
doses corresponding to roughly 10 mg of cannabis [9, 19],
which corresponds to one or two cannabis cigarettes.

The memory effects of cannabis showed some dose–
response relationships, but this differed for the various
types of memory tests. Impairments increased with dose
for auditory/verbal delayed recall and to a lesser extent for
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immediate recall and auditory/verbal delayed recognition
(Table 3). Working memory (which included immediate
recognition) on the other hand seemed to improve (i.e.
normalize) with dose, with 52% impairments in the lowest
dose group to 9% in the highest (Table 3). The clusters of
focused selective attention and of motor and visuomotor
control also appeared to show an inverse dose–response
association (Table 3). All these functions are highly influ-
enced by attention and concentration [6]. Decreases in
subjective alertness were noted in 43% with the lowest
doses and 35% with the highest. This may have been
accompanied by some agitation. At the same time,
dose-related increases in (subjective) aggression (which
increased with dose from 20 to 40%) and anxiety (from 11
to 33%) were observed. All this suggests that lower doses
of THC/cannabis generally cause pleasant effects of relax-
ation and reduced attention, whereas with high doses CNS
depression is partly overcome by more stimulatory effects.

These results suggest that most CNS measurements are
sensitive to the effects of THC/cannabis. Some parameters
were very sensitive to THC/cannabis. For such biomarkers,
most doses studied in the literature may have been too
high to show clear dose–response relationships. The pro-
portion of significant effects did not increase much at the
highest dose range compared with the medium range,
although this does not exclude a dose-related increase
in the size of the effects per se. Except for some subjec-
tive effects (feeling high, psychotomimetic feelings, drug
effects) and heart rate, most tests did not show consistent
effects even at quite high THC/cannabis doses. It could be
argued that less sensitive CNS tests would have shown
effects at even higher doses, well above 18 mg. For most
subjects, particularly for inexperienced cannabis users, two
or more cannabis cigarettes would cause an overdose,with
questionable pharmacological and functional selectivity
and an unacceptable adverse event profile. Hence, sensi-
tive biomarkers at low to medium doses are needed to
characterize the concentration–effect relationships of
CB1/CB2 agonists. At present, the literature indicates that
the choice is limited to heart rate and subjective effects.

Summary
Biomarkers are useful tools to study drug effects,since they
can provide information on the potential pharmacological
effects of the investigational drug in early-phase drug
development. However, the number of tests and test vari-
ants that is used in studies of THC and cannabis seems
excessively large. This abundance thwarts good assess-
ment of the physiological, neuropsychological and subjec-
tive effects of this drug class, and there is dire need for
test standardization in these areas. In general, the doses
studied in the literature reflect the patterns of recreational
use, and are often too high to determine accurately phar-
macological dose–response relationships. Cannabis/THC
has an effect on a wide range of CNS domains. At lower
doses, THC/cannabis seems to be relaxant and to reduce

attention, which is accompanied by impaired performance
on other CNS tests that require motivation and active par-
ticipation. At high doses, the drug seems to be more stimu-
latory. Subjective effects are the most reliable biomarkers
to study the effects of cannabis, in addition to heart rate
increases that reflect peripheral cannabinoid activation.
This review indicates that these parameters are useful
biomarkers that can be used in future studies to investi-
gate the effects of THC/cannabis and other cannabinoid
agonists on the CNS.
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